Cytomegalovirus (CMV) infections have been shown to dramatically affect solid organ transplant graft survival in both human and animal models. Recently, it was demonstrated that rat CMV (RCMV) infection accelerates the development of transplant vascular sclerosis (TVS) in both rat heart and small bowel graft transplants. However, the mechanisms involved in this process are still unclear. In the present study, we determined the kinetics of RCMV-accelerated TVS in a rat heart transplant model. Acute RCMV infection enhances the development of TVS in rat heart allografts, and this process is initiated between 21 and 24 days posttransplantation. The virus is consistently detected in the heart grafts from day 7 until day 35 posttransplantation but is rarely found at the time of graft rejection (day 45 posttransplantation). Grafts from RCMV-infected recipients had upregulation of chemokine expression compared to uninfected controls, and the timing of this increased expression paralleled that of RCMV-accelerated neointimal formation. In addition, graft vessels from RCMV-infected grafts demonstrate the increased infiltration of T cells and macrophages during periods of highest chemokine expression. These results suggest that CMV-induced acceleration of TVS involves the increased graft vascular infiltration of inflammatory cells through enhanced chemokine expression.
Cytomegalovirus (CMV) infections have been shown to dramatically affect solid organ transplant graft survival in both human and animal models. Recently, it was demonstrated that rat CMV (RCMV) infection accelerates the development of transplant vascular sclerosis (TVS) in both rat heart and small bowel graft transplants. However, the mechanisms involved in this process are still unclear. In the present study, we determined the kinetics of RCMV-accelerated TVS in a rat heart transplant model. Acute RCMV infection enhances the development of TVS in rat heart allografts, and this process is initiated between 21 and 24 days posttransplantation. The virus is consistently detected in the heart grafts from day 7 until day 35 posttransplantation but is rarely found at the time of graft rejection (day 45 
posttransplantation). Grafts from RCMV-infected recipients had upregulation of chemokine expression compared to uninfected controls, and the timing of this increased expression paralleled that of RCMV-accelerated neointimal formation. In addition, graft vessels from RCMV-infected grafts demonstrate the increased infiltration of T cells and macrophages during periods of highest chemokine expression. These results suggest that CMV-induced acceleration of TVS involves the increased graft vascular infiltration of inflammatory cells through enhanced chemokine expression.
With the escalation in the number of immunosuppressed patients undergoing immunosuppressive therapy following solid organ or bone marrow transplantation, human cytomegalovirus (HCMV) disease has now become a major clinical problem. While the majority of HCMV infections result in subclinical disease in healthy individuals, HCMV is a significant pathogen in immunocompromised patients (1, 3, 4, 9, 26, 33, 34, 50, 51, 56) . Primary HCMV infection is followed by lifelong persistence of the virus in a latent state, and reactivation of the latent virus is considered to be the major source of virus in these immunocompromised individuals. HCMV has been linked to the development of atherosclerosis, arterial restenosis following angioplasty, and solid organ transplant vascular sclerosis (TVS) (26) (27) (28) 47) . HCMV infection doubles the 5-and 3-year rates of graft failure due to accelerated TVS in cardiac and liver transplant patients, respectively (15; L. W. Miller, Editorial, J. Heart Lung Transplant. 11:S1-S4, 1992). The observation that HCMV infects many of the cell types involved in vascular disease, including monocyte-derived macrophages, endothelial cells, and smooth muscle cells (SMC), suggests that HCMV may play a role in these disease processes. Because of the similarities between the CMV-speciesspecific viruses, animal models provide an ideal tool to study the association between CMV and TVS.
The most compelling evidence that herpesviruses play a role in vascular disease comes from studies in animal models. Using a rat CMV (RCMV) solid organ transplant model, researchers have demonstrated, in light of the RCMV-associated acceleration of TVS, an association of herpesvirus infection with vascular disease, leading to graft failure (7, 21, 24, 36, 39) . Studies by Bruggeman and colleagues have shown that treatment of CMV-infected graft recipients with ganciclovir, a potent inhibitor of viral replication and CMV disease, resulted in the elimination of virus-induced TVS and prolonged graft survival (22, 23) . In a study by Merigan et al., treatment of human recipients of heart transplants with ganciclovir delayed the time to allograft rejection (31) . A subsequent prospective analysis of these data demonstrated that prophylactic treatment with ganciclovir also delayed graft rejection compared to the untreated group (53) , implicating HCMV as a causative agent in chronic rejection (CR). These results suggest that virus replication is necessary to induce this virus-accelerated vascular disease; however, the mechanisms behind subsequent virus-host interactions leading to the development of TVS are unclear.
Studies have shown that immunosuppressive drug therapy (20, 25) can also reduce the RCMV-accelerated development of TVS, demonstrating the importance of the immune response in this process. However, these studies do not distinguish between the role of anti-CMV immunity and the role of anti-donor alloreactivity in the development of CMV-accelerated TVS. In previous studies, researchers used alloantigenspecific tolerance induced by bone marrow chimerism, which preserves anti-CMV immunity and other immune-mediated events while specifically eliminating anti-donor alloreactivity (37) . In this model, donor-specific tolerance prevented the RCMV-induced acceleration of TVS in the allografts, demonstrating that the alloreactive immune response is critical for initiating the events that are necessary for the CMV-mediated acceleration of TVS.
Chemokines (chemotactic cytokines) and their receptors play a major role in the development of vascular disease (30) . Chemokines are a group of inducible cytokines that promote cellular migration and activation through binding to their respective G-protein-coupled receptors (for a review, see reference 14). The chemokines are grouped into four families based on a conserved Cys motif and include the C chemokine (Lymphotactin), the CC chemokines (monocyte chemoattractant protein 1 [MCP-1], macrophage inflammatory protein 1␣ [MIP-1␣], MIP-1␤, and RANTES, among others), the CXC chemokines, (interleukin-8, INF-␥-induced protein 10 [IP-10], and stromal-cell-derived factor 1␣, among others), and the CX 3 C chemokine (Fractalkine). Chemokines are produced at sites of inflammation and act by attracting monocytes, T cells, and B cells to these sites. Chemokine binding increases the cellular production of other cytokines and growth factors and increases the expression of integrins promoting cellular adhesion to the vascular endothelium and extravasation of leukocytes. Chemokines are present in vascularized grafts at all stages posttransplantation, including during ischemia/reperfusion injury, acute rejection, chronic rejection, and the healing processes (30) . By contrast, long-term graft acceptance has been attributed to the absence of chemokines, thus substantiating a major role for chemokines in allogeneic graft rejection and during the development of TVS (43) .
CMV infection modifies a number of host cellular functions that are involved in the development of TVS. For example, CMV infection increases endothelial cell adhesive properties caused by increasing the levels of adhesion molecules and major histocompatibility complex class I and II molecules on their surface (19, 48, 52, 54) , which may increase immune-cell infiltration and activation. Furthermore, HCMV infection upregulates the expression of RANTES in SMC and fibroblasts (32, 49) , promoting cellular infiltration at sites of vascular injury. We recently demonstrated that infection of human SMC with HCMV induces migration, which is dependent upon the expression of the virus-encoded chemokine receptor US28 and binding of the CC chemokines RANTES or MCP-1 (49) . Not only does HCMV upregulate host chemokines and cytokines but the virus also encodes for a number of homologues to cellular inflammatory molecules including a viral interleukin 10 and a viral CC chemokine (18, 44, 55) . While CMV encodes chemokines and chemokine receptors and can upregulate chemokine expression in cell culture, the effects of CMV on chemokine expression in vivo and the associated relationship of altered expression to TVS are unclear.
In this report, we determined the kinetics of graft vascular lesion development with and without RCMV infection and associated chemokine expression in a rat heart transplantation model. We have determined that RCMV accelerates neointimal formation in the heart grafts between 21 and 28 days posttransplantation. This virus-induced increase in TVS development is accompanied by a parallel increase in graft chemokine expression and by an increase in immune-cellular infiltrates. These data suggest that a link between CMV and chronic rejection involves a complex dynamic interplay between the virus and the host immune and inflammatory response, which is translated through the upregulation of chemokines in the graft.
MATERIALS AND METHODS
Animals. Adult male inbred rats (Harlan Sprague-Dawley, Indianapolis, Ind.) were used. Fisher 344 (F344) rats served as allogeneic heart donors, while Lewis rats served as solid organ transplant recipients. All animals were housed in the Portland Veterans Affairs Medical Center animal facilities or, if CMV-infected, in a specific-pathogen-free room in the Oregon Health Sciences University animal facilities. Both facilities are Association for Assessment and Accreditation of Laboratory Animal Care accredited and comply with the requirements for animal care as stipulated by the U.S. Departments of Agriculture and Health and Human Services.
Heart transplantation. Heart grafts from F344 rat donors were transplanted heterotopically into naïve Lewis recipients as previously described (37) . Briefly, after 300 IU of heparin was infused intravenously into the inferior vena cava, the anterior chest wall was opened via the sternum. An iced saline gauze pad was placed on the heart, and the ascending aorta and main pulmonary artery were divided. The superior and inferior vena cava and the confluence of the pulmonary veins were ligated and divided. The heart was removed and placed in iced saline while the recipient was prepared for implantation. Transplantation was achieved by anastomosing the graft aorta to the recipient aorta and the graft pulmonary artery to the recipient inferior vena cava in an end-to-side fashion by a 9-0 running nylon suture. Lewis recipients were treated with low-dose cyclosporine for 10 days (5 mg/kg of body weight/day; Sandoz, Inc., East Hanover, N.J.). In all animals, the native heart remained intact. Acute RCMV infection was accomplished by injecting 10 5 PFU of RCMV intraperitoneally on postoperative day (POD) 1 after the heart transplant operation. The inoculum was diluted in 1 ml of Eagle's minimal essential medium (EMEM, catalog no. 41600-016; Gibco BRL, Rockville, Md.) containing 2% fetal calf serum (FCS). Uninfected allograft recipients served as controls. Animals were monitored daily for overall health, appetite, and clinical condition. In order to determine the events during the development of TVS, graft and native hearts were harvested on days 7, 14, 21, 24, 28, 32, 35 , and 45 posttransplantation (45 days is the mean time to develop CR and TVS in CMV-infected allograft recipients [37] ). Animals not surviving POD 5 were considered technical failures and were excluded from further study.
Histology. At predetermined time points, the recipients were euthanized and the heart graft was harvested for histologic assessment. The tissue was immediately cross-sectioned and fixed in 10% buffered formalin for 24 h. Paraffinembedded tissue blocks were serially sectioned at 4 m and stained with hematoxylin and eosin. Sections were evaluated by the light microscopic method in a blinded fashion to assess the presence of CR and TVS.
NI measurements. To determine the degree of TVS development in heart graft coronary arteries, multiple 4-m-thick paraffin-embedded tissue sections were cut and stained with von Gieson stain for elastic fibers. A minimum of eight vessels over 85 m in diameter were analyzed under a Zeiss Axioplan 2 microscope coupled to a camera that was interfaced with a computer. The extent of neointimal formation (TVS) was determined by the neointimal index [NI ϭ (intimal area/lumen ϩ intimal area) ϫ 100 (2)]. All data were expressed as the mean Ϯ the standard error of the mean. Statistical analyses were performed by using SPSS version 6.1 (SPSS, Inc., Chicago, Ill.). The severity of TVS (NI scores) in the uninfected graft recipients compared to that in the RCMVinfected graft recipients was analyzed by using Student's t test and Fisher's exact test. P values of Ͻ0.05 were considered statistically significant.
Immunohistochemistry. Immunohistochemistry was performed on 4-m-thick paraffin or frozen sections as previously described (38) . Monoclonal antibodies to rat CD4 (catalog no. 550296; BD Pharmingen, San Diego, Calif.), CD8 (catalog no. 550298; BD Pharmingen), alpha-SMC actin (catalog no. m085101; Dakopatts, Glostrup, Denmark), and ED1 (macrophage marker, catalog no. NC MCA341R; Serotec) were used to assess cellular infiltration into rat heart graft tissues. The primary antibody was diluted in phosphate-buffered saline (PBS)-0.05% Tween 20 solution and incubated with the sections for 45 min at room (6) used for this study was derived from the homogenized salivary glands of acutely infected rats (5). Briefly, 10-to 12-week-old Lewis rats were irradiated with 5 Gy of total body irradiation and infected with 10 5 PFU of RCMV. At 4 weeks postinfection, the salivary glands were harvested and homogenized in EMEM supplemented with 2% FCS (Gibco BRL) and 100 U of penicillin/ml-100 g of streptomycin/ml in a Dounce tube, sonicated three times for 15 s, and finally centrifuged at 1,000 ϫ g at 20 to 25°C for 15 min to yield a clear supernatant. The virus suspension was stored at Ϫ70°C until use. The titer of the RCMV stock was determined by plaque assays (5) . Confluent rat embryo fibroblasts (REFs) in 24-well plates were infected with an appropriate serial virus dilution in 0.2 ml and then incubated at 37°C for 90 min. Following incubation, the infected cells were rinsed with PBS and overlaid with 1 ml of MEM-10-C (EMEM supplemented with 10% FCS, nonessential amino acids, penicillin-streptomycin, and 20 mM L-glutamine; Gibco BRL) with a final concentration of 0.6% agarose (Sigma, St. Louis, Mo.). After 7 days, the cells were fixed in 10% formalin in PBS for 15 min at room temperature. The solid base layer was removed, the cell monolayers were stained with 1% aqueous methylene blue (catalog no. 180-8; Sigma), and the plaques were counted by light microscopy.
Serologic testing for RCMV antibodies. In the animals whose grafts were harvested at 45 days posttransplantation, serum was isolated from the blood and assessed for anti-RCMV antibodies as previously described (37) . Briefly, serological testing was performed on RCMV-infected, formaldehyde-fixed REFs grown in 96-well plates. Serial dilutions of serum antibody samples were incubated with uninfected and infected REFs overnight at 4°C. The cells were washed with PBS and then incubated with a secondary rabbit anti-rat antibody conjugated to fluorescein isothiocyanate (1:50 dilution; DAKO catalog no. F0234) for 2 h at 4°C. The cells were washed and assessed with an inverted fluorescence microscope (Leica). Nuclear or cytoplasmic staining of RCMVinfected, but not uninfected, REFs was considered a positive result.
TaqMan PCR detection of RCMV. For the detection of viral DNA, total genomic DNA was extracted from 0.8 g of rat tissues (native and graft hearts and submandibular glands [SMG] ) by the DNAzol method (Life Technologies). In addition, DNA was extracted from total peripheral blood mononuclear cells isolated from 3 ml of whole blood by using Ficoll-Hypaque. A total of 0.5 g of DNA was analyzed by TaqMan PCR techniques with a probe-primer set recognizing a RCMV DNA polymerase sequence. Forward (5Ј-CCT CAC GGG CTA CAA CAT CA-3Ј) and reverse (5Ј-GAG AGT TGA CGA AGA ACC GAC C-3Ј) primers were used. The probe used was 5Ј-CGG CTT CGA TAT CAA GTA TCT CCT GCA CC-3Ј labeled on the 5Ј end with the reporter FAM and on the 3Ј end with the quencher TAMRA (Applied Biosystems, Foster City, Calif.). PCRs were set up using TaqMan Universal PCR Master Mix (Applied Biosystems) according to the manufacturer's specifications. Following thermal activation of AmpliTaq Gold (10 min at 95°C), a total of 40 cycles were performed (15 s at 95°C and 1 min at 58°C) by using a Prism 7700 TaqMan apparatus (Applied Biosystems). DNA isolated from sucrose-gradient-purified RCMV was used as a positive control. TaqMan results were analyzed using ABI Prism model 7700 Sequence Detector software. The sensitivity of detection for this assay was Ͻ100 copies.
TaqMan RT-PCR detection of chemokines. For the detection of host chemokine expression within the native and graft hearts, total RNA was extracted from 0.8 g of heart tissue by the RNAzol method (Life Technologies). cDNA was generated by using the Omniscript reverse transcription (RT) kit (Qiagen) and analyzed by TaqMan PCR techniques with a probe and primer set recognizing chemokine sequences. Primers used were MIP-1␣ forward (5Ј-AGC TGA CAC CCC GAC TGC), reverse (5Ј-CCA AAG GCT GCT GGT CTC AA), and probe (5Ј-CTG CTT CTC CTA TGG ACG GCA AAT TCC); MCP-1 forward (5Ј-CCC CAC TCA CCT GCT GCT A), reverse (5Ј-AGC TTC TTT GGG ACA CCT GCT), and probe (5Ј-TCG GCT GGA GAA CTA CAA GAG AAT CAC CA); IP-10 forward (5Ј-TTC CAT GAA CAG CCG CTG A), reverse (5Ј-CTC AAC ATG CGG ACA GGA TAG A), and probe (5Ј-ACC CAG GGC CAT AGG AAA ACT TGA AAT CA); Fractalkine forward (5Ј-CCA CAA GAT GAC CTC GCC A), reverse (5Ј-GCT GTC TCG TCT CCA GGA TGA), and probe (5Ј-CAC TAT CAA CTG AAC CAG GAG TCC TGC GG); Lymphotactin forward (5Ј-CAA GGA GGG AGC CAT GAG AG), reverse (5Ј-ACC CAT TTG GCT TGT GGA TC), and probe (5Ј-CGT GTT TAA GAA TGA GGA GCA AAC CAC TGT T); RANTES forward (5Ј-CCA TAT GGC TCG GAC ACC AC), reverse (5Ј-CAA AGA CGA CTG CAA GGT TGG), and probe (5Ј-CTG CTT TGC CTA CCT CTC CCT CGC ACT); and gamma interferon (IFN-␥) forward (5Ј-AAG TTC GAG GTG AAC AAC CCA), reverse (5Ј-TTA GGC TAG ATT CTG GTG ACA GCT G), and probe (5Ј-AGA TCC AGC ACA AAG CTG TCA ATG AAC TCA). To normalize samples, detection of the mRNA for L32 (ribosomal protein) was used as a control with the primers forward (5Ј-GAA GAT TCA AGG CAG ATC C), reverse (5Ј-GTG GAC CAG AAA CTT CCG GA), and probe (5Ј-CGG GAG TAA CAA GAA AAC CAA GCA CAT GC-3Ј). The probes were labeled on the 5Ј end with the reporter FAM and on the 3Ј end with the quencher TAMRA (Applied Biosystems). RT-PCRs were set up using TaqMan Universal PCR Master Mix (Applied Biosystems) according to the manufacturer's specifications. Following thermal activation of AmpliTaq Gold (10 min at 95°C), a total of 40 cycles were performed (15 s at 95°C and 1 min at 58°C) with the Prism model 7700 TaqMan apparatus (Applied Biosystems). Plasmid clones containing each gene fragment were used as positive controls and quantitation standards. TaqMan results were analyzed with ABI Prism model 7700 Sequence Detector software. The sensitivity of detection of this assay was Ͻ100 copies for all of the tested chemokines. The normalized native or graft heart chemokine expression for infected recipients was compared to that for the uninfected animals by using Student's t test. P values of Ͻ0.05 were considered statistically significant.
RESULTS
Kinetics of RCMV-accelerated TVS in rat graft hearts. Previously, it was determined that RCMV infection accelerates the time to develop CR and severity of TVS in a rat heart transplant model (37) . However, in that study, grafts were analyzed at the time of rejection or the study endpoint. In this model of F344-to-Lewis rat heart transplants infected with RCMV on POD 1, mean graft survival was shortened from 90 to 45 days and the mean NI was increased from 50 to 84 in time-matched grafts. However, the sequence of events and factors involved in this acceleration process are unclear. To study the role of CMV infection in the kinetics of the development of TVS, we measured the graft NIs at days 7, 14, 21, 28, 35, and 45 in infected mice and the uninfected controls. At days 7 and 14, graft TVS was not yet evident; however, histologically, endothelialitis was observed in the RCMV-infected grafts and the corresponding uninfected grafts were normal ( Fig. 1A and B) . TVS was first detected at POD 21 with little difference between infected and uninfected allogeneic recipients (NI ϭ 38 Ϯ 4 compared to 35 Ϯ 8, P ϭ not significant). However, beginning at POD 28, RCMV infection in the recipient grafts resulted in a stepwise increase in the severity of TVS in heart graft vessels continuing up until terminal rejection at day 45 (NI ϭ 78 Ϯ 8) compared to that in uninfected allografts (NI ϭ 40 Ϯ 6, P Ͻ 0.001) (Fig. 1A and B) . A significant difference in NI between infected and uninfected graft vessels was first manifested on day 28 (NI ϭ 49 Ϯ 5 compared to 31 Ϯ 3, P Ͻ 0.01). By day 35, the mean graft NI in the infected group was greater than twice that of the uninfected grafts (NI ϭ 64 Ϯ 3 compared to 30 Ϯ 3, P Ͻ 0.001). These data suggest that the effect of RCMV on the acceleration of TVS was first evident histologically between PODs 21 and 28.
RCMV DNA is present in heart allografts during TVS formation. Previously, it was reported that all of the RCMVinfected heart transplant recipients developed anti-RCMV antibodies, as determined by serologic testing (37) . These findings were confirmed in the present study, as all of the RCMV-infected graft recipients developed a positive serology for RCMV at day 45 posttransplantation (data not shown). To determine whether RCMV was present in the recipient grafts and their native hearts during the time course of virus-accelerated TVS and chronic rejection, we used quantitative Taq Heterotopic heart allografts were transplanted into Lewis recipients, with or without RCMV infection, and graft tissues were harvested at the predetermined endpoints of PODs 7, 14, 21, 28, 35, and 45. Graft vessels stained with elastin showed endothelialitis in the RCMV-infected, but not in the uninfected, allogeneic recipients at PODs 7 and 14. Average NIs are given below each representative photo. TVS was detected at POD 21 with little difference between infected and uninfected allogeneic recipients. However, at PODs 28, 35, and 45, RCMV-infected-recipient heart graft vessels showed a dramatic increase in the severity of TVS compared to uninfected controls. These data suggest that RCMV accelerates the time to graft rejection between PODs 21 and 35; however, this might be due to events occurring within the first 7 to 14 PODs. Original magnification, ϫ200. END, endothelium; NH, neointimal hyperplasia; IEL, internal elastic lamina. (B) Graphical comparison of average NIs of graft heart vessels of uninfected and RCMV-infected animals. The x axis shows the days posttransplantation; the y axis shows the mean NI (n is at least four animals).
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CMV UPREGULATES CHEMOKINES IN HEART CHRONIC REJECTION 2185 graft rejection was sporadic but limited to RCMV-infected animals (37) . Here, we demonstrate the consistent presence of viral DNA in the heart graft tissues at 7, 14, 21, and 28 days posttransplantation (Fig. 2) . Day 7 viral loads in heart grafts were Ͼ10-fold higher than those detected in blood leukocytes (1 ϫ 10 7 Ϯ 5 ϫ 10 5 versus 6 ϫ 10 5 Ϯ 1 ϫ 10 4 copies/g of total DNA, respectively), suggesting that the graft tissue is an initial site of virus replication and may correlate with the heart graft endothelialitis (Fig. 1A) observed at days 7 and 14 in only the infected recipients. Unlike the disappearance of viral DNA in the blood after 14 days posttransplantation, RCMV DNA levels in heart grafts consistently remained above the background up to 35 days for all of the animals tested. However, similar to the previous findings, virus detection in graft hearts was sporadic at 35 and 45 days posttransplantation, which may be due to tissue death associated with graft failure and/or chronic rejection or immune clearance. In the infected transplant recipients, the native hearts showed the presence of virus at all times tested (7, 14, 21, 35 , and 45 days posttransplantation [data not shown]). Again, virus detection was sporadic at 35 and 45 days posttransplantation. The amount of viral DNA detected in the native hearts was similar to that in grafts at all of the time points tested (Fig. 2) . Viral DNA was present in the salivary glands (SMG) at all the times tested, including 7, 14, 21, 28, 35, and 45 days posttransplantation (ranging from 1 ϫ 10 9 to 2 ϫ 10 7 copies/g of total DNA), which suggests that SMG tissues may be a potential viral reservoir throughout the TVS disease process (Fig. 2 ). These data demonstrate that RCMV is present in graft heart tissues during the time of virus-accelerated TVS (between days 21 and 28 posttransplantation).
RCMV infection increases cellular infiltrates during early stages of graft rejection. Since researchers previously reported that the alloreactive environment was crucial for the RCMVmediated acceleration of TVS, we next determined whether the RCMV-induced acceleration was due to an enhancement of immune-cell infiltration into graft vessels. For these experiments, the subset and distribution of infiltrating leukocytes was analyzed by the immunohistochemical staining of either frozen or paraffin sections of allograft hearts harvested at PODs 24, 28, and 32. Serial sections were stained for ED1 (monocyte/macrophage marker), CD4 (T-helper-cell marker), CD8 (cytotoxic-T-cell marker), or SMC actin. Using the internal elastic lamina as a guide to vessel architecture and to distinguish between the vessel intima and media, we compared leukocyte staining of the neointimal space (intimal staining) to that of the vessel media (medial staining) ( Table 1) .
As expected, native hearts from either infected or uninfected FIG. 2. RCMV DNA is detectable in native and graft heart tissues, blood, and SMG. Total DNA was prepared from graft and native hearts, SMG, and peripheral blood leukocytes at PODs 7, 14, 21, 28, 35, and 45. Viral DNA was quantitated by using TaqMan PCR techniques specific for RCMV DNA polymerase. These data suggest that RCMV is present within the graft tissues and that SMG is present during all of the stages of RCMV-accelerated TVS. The presence of virus in the blood was detected only through 14 days posttransplantation. recipients failed to stain for ED1, CD4, or CD8 at all of the times tested (data not shown). Vessel intimal and medial staining for the macrophage marker ED1 was minimal in sections from uninfected allografts until day 32 posttransplantation (Table 1) . However, grafts from RCMV-infected recipients showed faint staining for ED1 as early as 24 days posttransplantation, with moderate to intense staining for macrophages at days 28 and 32 (Fig. 3) . Similarly, uninfected controls demonstrated little to no CD8-T-cell staining at days 21 and 28 posttransplantation but at day 32, there was a slight increase in CD8-T-cell staining, which was less intense compared to that for vessels from RCMV-infected allografts. The infected grafts demonstrated the presence of CD8 ϩ T cells at days 24, 28, and 32 (staining ranged from faint to moderate [ Table 1 
]). Little to no intimal-and medial-vessel CD4
ϩ -T-cell staining was observed at all times posttransplantation in the uninfected allografts. However, at day 32, the CD4 ϩ -T-cell staining of vessels from the infected allografts was moderate to intense (Table 1 and Fig. 3 ). Together, these findings demonstrate that RCMVinfected allograft vessels contain increased cellular infiltration compared to that in uninfected controls.
Allograft chemokine expression is enhanced during RCMV infection. Chemokines are expressed to varying degrees during all stages of transplantation, and the inhibition or lack of certain chemokines promotes graft survival (30) . HCMV infections in vivo and of cultured cells have been shown to alter host chemokine expression, which is hypothesized to be a contributing factor in CMV-related diseases (8, 10, 35, 40, 42, 49) . To determine whether the RCMV-induced enhancement of immune-cell infiltration into graft vessels was due to infectionmediated alterations in chemokine expression, we used quantitative RT-PCR TaqMan techniques to compare the mRNA levels of the host chemokines (MCP-1, RANTES, MIP-1␣, IP-10, Fractalkine, and Lymphotactin) and the cytokine IFN-␥ in the grafts and native hearts from infected and uninfected transplant recipients at days 7, 14, 21, 24, 28, 32, 35, and 45 after transplantation.
In general, the CC chemokines were upregulated at sites of inflammation, as seen during solid organ transplantation, and mediated monocyte, T-cell, and B-cell infiltration and activation. As shown in Fig. 4A , expression of the CC chemokines RANTES, MCP-1, and MIP-1␣ was upregulated after transplantation. Expression of each of these chemokines was low at days 7 and 14, which may have been due to the cyclosporinemediated immunosuppression used to prevent acute allograft rejection. At day 21, chemokine RNA expression levels increased in both the uninfected and infected grafts (Fig. 4A) . However, by day 24, these levels dropped in the uninfected recipient grafts but remained elevated in the RCMV-infected allografts (Fig. 4A ). For instance, RANTES was Ͼ3-fold higher in the infected grafts at day 24 than in the uninfected controls and this virus-induced enhancement persisted until day 32 posttransplantation (Fig. 4B) . RANTES levels were highest in the infected grafts at days 24 and 32. While MCP-1 expression in virus-infected grafts was enhanced approximately threefold between days 28 and 32 (Fig. 4B) , expression of this chemokine was highest between days 32 and 45 ( Fig. 4A) . At this later time, the uninfected grafts also demonstrated similar levels. MIP-1␣ expression levels were increased at day 21 in both the infected and uninfected heart graft tissues but dropped in the uninfected grafts at day 24. At this time, virusinfected grafts demonstrated a nearly 2.5-fold increase in MIP-1␣ expression levels compared to that in uninfected controls (Fig. 4B ). Levels were reduced in both groups at day 28 but were enhanced in virus-infected grafts at day 32. Virus infection did not significantly alter RANTES or MIP-1␣ expression levels in native hearts compared to those in uninfected native hearts (Fig. 4A and B) . The levels of MCP-1 in the infected native hearts were increased twofold at day 14 over those in the uninfected native hearts; however, the amount detected at this time was fivefold lower than that of the infected grafts (Fig. 4A and B) . Overall, these data demonstrate that expression of the CC chemokines in heart grafts is specifically increased between days 21 and 32 posttransplantation by acute RCMV infection and that the kinetics of chemokine enhancement corresponds to the time of virus acceleration of TVS in the heart allograft.
The CXC chemokine IP-10 is a potent chemoattractant for active CXCR3-expressing T cells during inflammation and may be an important contributor to the progression of chronic rejection, as rejecting allografts demonstrated high expression levels of IP-10. In addition, recipient mice lacking the chemokine receptor for IP-10 failed to develop chronic rejection (12, 13, 29, 57) . As shown in Fig. 5A , expression of IP-10 was 
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significantly upregulated at days 21, 28, and 45 posttransplantation, specifically at days 21 and 28, in infected animals compared to that in uninfected controls. In fact, at day 21, expression was Ͼ3-fold higher in CMV-infected recipients and at day 28, expression of IP-10 was Ͼ20-fold higher (Fig. 5B) . Virus infection did not alter IP-10 expression in native hearts until day 45 (fourfold); however, the levels at this time were eightfold lower than those in the infected graft hearts. Because IP-10 expression is driven by the cytokine IFN-␥, we hypothesized that expression of this cytokine must also be upregulated between days 21 and 32 and specifically enhanced in the infected recipients. Using RT-PCR TaqMan, we found an increase in the expression of IFN-␥ in RCMV-infected allografts beginning after day 21 and persisting through day 32 (Fig. 5A ).
Similar to the IP-10 expression profile, IFN-␥ levels were nearly fivefold higher in the infected grafts at day 24 posttransplantation and 20-fold higher at day 28 ( Fig. 5B) , which parallels the timing of virus-accelerated allograft TVS. IFN-␥ expression was not altered in infected native hearts compared to that for the uninfected controls ( Fig. 5A and B) .
Robinson and colleagues have demonstrated that antibody blocking of the Fractalkine receptor (CX 3 CR1) prolongs graft survival in a mouse cardiac transplantation model (41) . In our rat heart transplant model, the expression of the ligand for this receptor, Fractalkine (CX 3 C chemokine), was highest at 21 days posttransplantation and expression was Ͼ2-fold higher in the infected grafts than in the uninfected grafts at days 21 and 32 ( Fig. 6A and B) . Interestingly, Fractalkine expression was FIG. 3 . Host cellular infiltrates are higher in RCMV-infected graft tissues. Heterotopic heart allografts, with or without RCMV infection, were harvested at the times of RCMV-accelerated TVS formation (PODs 24, 28, and 32), and subsequently, tissue sections were immunohistochemically stained to determine the levels and types of infiltrating cells. Average staining indices are given below each picture. NH, neointimal hyperplasia. (A) Immunohistochemical staining of graft heart tissues for the macrophage marker ED1 at day 28 posttransplantation. (B) Immunohistochemical staining of graft heart tissues for T-helper-cell marker CD4 at day 32 posttransplantation. (C) Immunohistochemical staining of graft heart tissues for cytotoxic-T-cell marker CD8 at day 28 posttransplantation. RCMV infection increases the proportion of cellular infiltrates in both the intima and media of graft vessels, which corresponds to the timing of virus-enhanced chemokine expression. Original magnification, ϫ200.
FIG. 4.
Host CC chemokine expression is enhanced in rat heart graft tissues infected with RCMV. (A) RT-PCR TaqMan was used to detect expression of the CC chemokines (MCP-1, MIP-1␣, and RANTES) in heart allografts and native hearts. Graft and native hearts from RCMV-infected and uninfected animals were analyzed at PODs 7, 14, 21, 24, 28, 32, 35, and 45 (n ϭ 4). cDNA was produced from total RNA isolated from the graft tissues. RT-PCR TaqMan detection of the ribosomal protein L32 was used as a normalizing control. (B) Virus-specific induction of host CC chemokine expression in native and graft hearts is shown as a fold increase compared to that for uninfected controls. These data suggest that host CC chemokine expression is specifically enhanced during the time that RCMV accelerates graft TVS (days 21 to 32) but resolves as the graft fails (days 35 to 45).
higher in the uninfected grafts at both 24 and 28 days posttransplantation. Fractalkine expression in the infected grafts dropped dramatically at the time of CR and graft failure; however, this was the only time that Fractalkine was upregulated in the infected native hearts. The role of the potent T-cell chemoattractant Lymphotactin (C chemokine) in chronic rejection is unclear. However, here, we demonstrate that allograft expression of this chemokine was elevated at days 24 and 32 posttransplantation. In the RCMV-infected recipients, Lymphotactin expression was increased Ͼ2-fold compared to that in uninfected controls at day 24 but then dropped to the levels observed in control graft tissues (Fig. 6A and B) . At day 32, Lymphotactin was again upregulated in grafts from infected and uninfected recipients. Lymphotactin expression was not altered in the infected native hearts compared to that in uninfected controls.
Overall, our allograft chemokine expression profiling demonstrated that RCMV infection dramatically enhances graft chemokine expression with kinetics that match the timing of the virus-mediated acceleration of graft TVS that was observed in this model. Accordingly, the virus-induced acceleration of TVS likely occurred through increased inflammatory cell infiltration and activation in the RCMV-infected graft tissues due to an increase in host chemokine expression.
DISCUSSION
In this study, we examined the role of RCMV in the acceleration of transplant vascular sclerosis in a rat heart transplant model. Through kinetic analysis of this disease process, we have established that RCMV infection of allograft recipients induces an early endothelialitis at day 7, which is followed by an acceleration of TVS formation occurring between 21 and 28 days posttransplantation. The severity of TVS was greater in the infected allografts than in the control allografts starting sometime between days 21 and 28, and persisting through 45 days posttransplantation, which was the mean time to allograft failure in the infected recipients. The allografts from RCMVinfected recipients developed chronic rejection and/or graft failure substantially earlier compared to allografts from uninfected recipients (day 45 versus day 90 [ Fig. 1A and B] ). Viral DNA was consistently detected in the grafts between 7 and 32 days posttransplantation, suggesting a link between the presence of virus and accelerated TVS (Fig. 2) . At later times after FIG. 5 . RCMV infection dramatically increases IFN-␥ and IP-10 expression in heart allografts. (A) RT-PCR TaqMan was used to detect expression of the cytokine IFN-␥ and the CXC chemokine IP-10 in native hearts and heart allografts. Graft and native hearts from RCMV-infected and uninfected animals were analyzed at PODs 7, 14, 21, 24, 28, 32, 35 , and 45 (n ϭ 4). cDNA was produced from total RNA isolated from the graft tissues. RT-PCR TaqMan detection of the ribosomal protein L32 was used as a normalizing control. (B) Virus-specific induction of host IFN-␥ and IP-10 expression in native and graft hearts from RCMV-infected recipients compared to that for uninfected controls is shown. These data suggest that IFN-␥ induces IP-10, and this occurs at days 28 and 32, corresponding to the acceleration of TVS in the grafts from RCMV-infected recipients.
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transplantation (Ͼ35 days), the detection of RCMV DNA became sporadic, which is consistent with the hypothesis that the CMV-induced acceleration of vascular disease occurs during the early stages of the disease process and not during the terminal phases. Other groups have reported a hit-or-miss detection of CMV in the development of vascular disease when looking at the end stages of disease development, suggesting CMV's early involvement in the virus-mediated acceleration of TVS. Previously, it was demonstrated that the alloreactive environment was crucial for the RCMV-mediated acceleration of TVS, as heart allograft recipients given autologous bone marrow failed to accelerate TVS even when infected with RCMV (37) . Upregulation of chemokines occurs in the early stages of allograft transplantation, and this environment may be necessary and required for the activation of CMV in virus-infected recipients. This activation, in turn, may cause the further upregulation of chemokines, resulting in an acceleration of the inflammatory process. Indeed, allograft chemokine expression profiling demonstrates that the RCMV infection of cardiac allograft recipients dramatically enhances host chemokine mRNA levels in the grafts with kinetics that parallel the timing of the virus-mediated acceleration of TVS observed in this model (between days 21 and 32 posttransplantation). This enhancement of chemokine expression promotes an increase in macrophage and T-cell (CD4 ϩ and CD8 ϩ cells) infiltration at these times ( Fig. 3 and Table 1 ). Macrophage infiltration is critical in the early stages of the development of allograft rejection. Macrophages, which migrate and become activated in response to the proinflammatory CC chemokines RANTES, MCP-1, and MIP-1␣, were found in the infected graft vessels at 24, 28, and 32 days posttransplantation (Fig. 4) . Expression of these CC chemokines was enhanced in allografts from virusinfected recipients at days 24 and 28, corresponding to the timing of virus-accelerated TVS. Genetically engineered mouse strains containing a deletion in CCR2, a chemokine receptor found predominately on monocytes/macrophages, was shown to reduce graft rejection and the related vascular disease atherosclerosis (11) . Not only is macrophage recruitment and activation central to vascular disease but these cells are also important vehicles for CMV dissemination and replication. Researchers have reported that allogeneic stimulation of human monocytes bearing latent HCMV promotes their differentiation, which leads to virus reactivation and replication in these monocyte-derived macrophages (16, 17, 45, 46) . Interestingly, the cytokine IFN-␥ was necessary for the pro- FIG. 6 . RCMV infection increases Fractalkine and Lymphotactin expression in heart allografts. (A) RT-PCR TaqMan was used to detect expression of the chemokines Lymphotactin and Fractalkine in the heart allografts. Native and graft hearts from RCMV-infected and uninfected animals were analyzed at PODs 7, 14, 21, 24, 28, 32, 35, and 45 (n ϭ 4). cDNA was produced from total RNA isolated from the graft tissues. RT-PCR TaqMan detection of the ribosomal protein L32 was used as a normalizing control. (B) Virus-specific induction of the Lymphotactin (C chemokine) and Fractalkine (CX 3 C chemokine) expression in native and graft hearts is shown (fold increase is the expression of chemokines in grafts from infected recipients compared to that for uninfected controls). These data suggest that expression of both Fractalkine and Lymphotactin is highest during the RCMV acceleration phase of TVS.
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on October 15, 2017 by guest http://jvi.asm.org/ duction of the HCMV reactivation macrophage phenotype and replication of HCMV (46) . In the present study, we found that IFN-␥ levels are nearly 20-fold higher in the graft hearts of RCMV-infected recipients than in the uninfected controls at day 24 ( Fig. 5) , which may enhance monocyte/macrophage recruitment and activation and/or differentiation, promoting virus dissemination to the allografts and replication in these tissues.
Chemokines are critical mediators of T-cell infiltration into allograft tissues during acute and chronic rejection (for a review, see reference 30). Alloreactive T cells are arguably the most crucial cell type involved in acute and chronic rejection, but in CMV-infected recipients, the role of virus-specific T cells in the acceleration of TVS is still unclear. Differentiation of the effects from each of these two types of antigen-specific T cells in this process may be extremely difficult to achieve experimentally. Moreover, the general T-cell effect on virusinduced acceleration of TVS, whether virus specific or allospecific, may simply be due to the massive increase in the numbers of infiltrating T cells and the damaging effects that they may have on the graft tissue during both virus clearance and the cytopathology associated with alloreactivity. In our model, we detected CD8 ϩ T cells by day 24 posttransplantation and CD4 ϩ T cells by day 32 posttransplantation. However, we failed to observe detectable levels of T-cell infiltration in the native hearts despite the presence of virus in this tissue. Hence, the T-cell response is not generalized to uninfected nontransplanted tissues, suggesting the importance of the allospecific T cells in conjunction with the virus-specific T cells in promoting this disease process. In our model, the combined development of both allo-and virus-specific responses may augment or exacerbate the overall immune response to the transplanted graft. Chemokine profiling in our rat heart transplantation model demonstrates this enhanced effect on the immune response, as mRNA levels for all of the chemokines we tested were increased in the infected recipients compared with those in the uninfected controls in the course of allograft rejection. However, human recipients that have previously been exposed to HCMV have a more favorable outcome when receiving a CMV ϩ allograft than seronegative recipients, suggesting that preexisting virus-specific responses can also be beneficial to the outcome of disease. The control of virus replication in the graft by T cells or other means, such as drug therapy, and the resultant decrease in tissue viral load may reduce the amount of T cells infiltrating the grafts and thus reduce the T-cellmediated pathology. We are currently testing this hypothesis with our rat heart transplant model of chronic rejection.
T cells express many different types of CC and CXC chemokine receptors. Thus, these cells are capable of responding to many different types of chemokines. Of the many T-cell chemoattractants, we have detected increased RANTES, MIP-1␣, Fractalkine, IP-10, and Lymphotactin expression in the allografts from infected recipients compared to that in the allografts from uninfected controls (Fig. 4 through 6) . The impact of Lymphotactin in rejection is unknown; however, IP-10 is a major mediator of acute allograft rejection. Using a mouse model of cardiac allograft rejection, Hancock et al. demonstrated that IP-10 receptor (CXCR3)-deficient recipients failed to develop acute rejection and showed dramatically improved allograft survival (13) . These mice had fewer infiltrating alloreactive T cells in their grafts. In addition, donor hearts derived from IP-10 knockout mice also failed to develop allograft rejection, suggesting that the CXCR3-positive T cells' reacting to donor-derived IP-10 is a major pathway involved in rejection (12) . We have determined that IP-10 expression is nearly 20-fold higher in the allografts from infected recipients than in the allografts from uninfected controls at day 28, which corresponds to the timing of CD8
ϩ -T-cell infiltration in these infected recipient grafts. IP-10 expression is mediated by the cytokine IFN-␥, which was nearly 20-fold higher in the infected grafts at days 24 and 28. Thus, upregulation of IFN-␥ corresponds to the enhanced expression of IP-10, which may be associated with the increase in CD8
ϩ -T-cell infiltration. IP-10 has also been shown to be a growth factor for vascular SMC, causing the activation, proliferation, and migration of these cells. The timing of increased IP-10 expression matches the timing of RCMV-accelerated neointimal formation, consisting in large part of SMC. Thus, increased IP-10 expression between days 24 and 28 in the CMV-infected allografts may have an additional impact on TVS, other than merely causing T-cell infiltration. The generation of accelerated TVS by CMV infection was associated with the chemokine expression profile of rejecting allografts, and this profile was not paralleled by the native hearts in the infected recipients. These data demonstrate the importance of allograft rejection in addition to CMV infection for the accelerated TVS process to occur.
All viral pathogens have evolved to use the host inflammatory response for their benefit or have developed methods to quell these antiviral responses. Many of these adaptations have included using or modulating the expression of chemokines and chemokine receptors. In addition to modulating the host expression of chemokines, viruses such as CMV encode their own chemokines and chemokine receptors. The results presented here suggest that RCMV-accelerated TVS and chronic rejection result from the virus-induced enhancement of host chemokine expression and inflammatory cell infiltration. For evolutionary benefit, the virus manipulates the host inflammatory response in order to propagate and maintain itself, an additional consequence of which is damage to the host tissues. Expression of other host mediators of inflammation and wound repair may be similarly upregulated by CMV, which is a focus of our ongoing research.
